We report on the storage and manipulation of hundreds of mesoscopic ensembles of ultracold 87 Rb atoms in a vast two-dimensional array of magnetic microtraps, defined lithographically in a permanently magnetized film. The atom numbers typically range from tens to hundreds of atoms per site. The traps are optically resolved using absorption imaging and individually addressed using a focused probe laser. We shift the entire array, without heating, along the surface by rotating an external bias field. We evaporatively cool the atoms to the critical temperature for quantum degeneracy. At the lowest temperatures, density dependent loss allows small and well defined numbers of atoms to be prepared in each microtrap. This microtrap array is a promising novel platform for quantum information processing, where hyperfine ground states act as qubit states, and Rydberg excitation may orchestrate interaction between neighbouring sites.
Introduction
We are investigating a unique experimental system combining trapped neutral atoms which offer precise quantum control, with solid-state-like technology to create a novel platform for quantum information science. Our atom chip consists of a lithographically defined pattern of permanently magnetized film, which creates a vast two-dimensional array of magnetic microtraps. 1 This approach benefits from modern hard-disk technology making it possible to scale cold-atom experiments to thousands of samples in nearly arbitrary configurations. Additionally, arrays of small atomic ensembles can be prepared while maintaining optically resolvable separations to allow in-dividual control over internal quantum states. Previous work has employed one-dimensional magnetic arrays using periodically magnetized videotape 2 and grooved TbGdFeCo films. 3 This experiment is the first to employ a two-dimensional configuration. 4 
Experimental results

Magnetic-film atom chip
At the core of our experiment is a magnetic chip, consisting of a 300-nm thick FePt film (Hitachi) on a silicon substrate, patterned using optical lithography into a two-dimensional lattice, see Fig. 1(a) . The lattice periods are 22 µm and 36 µm corresponding to 1250 traps/mm 2 . The film is permanently magnetized out-of-plane in a 5 T field. The field produced near the surface is equivalent to an effective edge current of 0.2 A along the Weak resonant probe light from the "imaging fiber" is collimated on the chip surface. The probe light is reflected by the chip and then imaged onto the CCD camera. Light from the "addressing fiber" can be focused on an individual lattice site for local manipulation.
borders of the pattern. If realized using gold microwires it would require a power dissipation of 30 W/mm 2 , highlighting the advantage of permanent magnets over conductors for large scale integration of magnetic microtraps. To produce the traps, a uniform external field of 20 G is superimposed, producing an array of magnetic minima positioned 10 µm above the surface. For this bias field the trap frequencies are 6.1 kHz and 15 kHz and the trap depth, defined as the barrier between nearest neighbours, is 500 µK.
Imaging and optical addressing
The array of microtraps is loaded by merging the field of a macroscopic Zwire trap containing atoms with that of the lattice. After transfer the Z-wire current is switched off. Resonant reflection absorption imaging, see Fig. 1(b) is then used to provide a two-dimensional view of the atomic distribution. Shown in Fig. 2(a) is a typical absorption image (in false color) obtained by dividing a raw probe image with an optimized reference image to obtain the fringe-free optical density distribution. The optical resolution (5 µm) is slightly improved as compared with Ref. 1 through the addition of a tilted glass plate in the imaging path ( Fig. 1(b) ) to compensate distortion due to the vacuum cell. Each spot (optical resolution 5 µm) corresponds to a single trap containing approximately 500 atoms. In total there are more than 500 populated microtraps.
In addition to imaging the atoms our setup is used to locally manipulate atoms using focused lasers. An addressing beam from the output of a single mode optical fiber is positioned within a secondary imaging plane created by a beam-splitter placed in front of the CCD camera, see Fig. 1 (b). The beam is then effectively imaged to the chip surface (demagnification factor of 3) where it is aligned with a single array site near the center of the distribution ( Fig. 2(b) ). The laser is stabilized to the F = 2 → F ′ = 3 optical pumping transition which has a high probability of flipping the spin of the atoms to an untrapped magnetic state. The laser is pulsed on for 1 ms, rapidly emptying the trap (Fig. 2(c) ). Importantly, the neighbouring traps are unaffected by this pulse indicating negligible cross-talk. In the future, this probe may be replaced by a spatial light modulator to address multiple traps in sequence or in parallel.
Shift register
Additional parallel operations on the array are possible using uniform external fields. We have realized an atomic shift register -the analog of an electronic CCD -which is a key ingredient for quantum information processing with neutral atoms. By rotating the external bias magnetic field it is possible to transport the atom clouds in parallel across the chip surface, see Fig. 2(b-d) . A field sequence optimized for a constant trap height of 10 µm and smooth transport (trap bottom of 3.23 G), is applied via three pairs of external Helmholtz coils at a rate of 18 ms per shift period. This sequence is repeated up to five times and then reversed for five times to shift back to the original position with a round trip distance of 360 µm. No additional heating is observed during transport.
Approaching quantum degeneracy
Efficient evaporative cooling of the atom clouds is performed using a 280-ms duration radio frequency sweep. Using absorption imaging and radio frequency spectroscopy we determine the number of atoms and temperature of each individual cloud in the array. As shown in Fig. 3 the temperature distribution across the lattice begins rather uniform at around 50 µK (presumably limited by the finite trap depths). The rf sweep rapidly reduces the mean temperature, and at temperatures below 5 µK, density dependent loss due to three-body recombination plays a strong role, see Fig. 4 . The phasespace distribution at low temperatures approaches a constant phase space density as indicated by the solid line in Fig. 3 which is the calculated critical density for Bose-Einstein condensation including finite size effects and interactions. At the lowest trap depths the distribution is consistent with ∼ 50% of sites partially degenerate (condensate fraction ∼ 10%). Lower temperatures and higher condensate fractions could be achieved using the |F = 1, m F = −1 hyperfine state of 87 Rb which has a lower three-body rate coefficient. Our interest however is in the single atom regime, therefore, we have investigated density dependent loss as a mechanism to prepare small and well defined number of atoms in each trap.
For the lowest measured temperatures, clouds of atoms are produced containing below 50 atoms/site, and smaller clouds are obtained via threebody recombination losses. This places our system in an interesting regime, namely between individual microtraps on atom chips, which may contain 10 3 -10 4 atoms and the microscopic regime of optical lattices which typically contain 1 atom per site. However, we maintain individually resolvable microtraps and benefit from having many traps in parallel. Our experiments range from a few atoms to more than 100 atoms per microtrap allowing unique access to many-body physics and quantum fluctuations.
Mesoscopic ensembles and atom number fluctuations
To analyse the fluctuations of atom number intrinsic to mesoscopic ensembles we measure the number of atoms in a single site. The integrated atom number for a selected site was determined by least-squares fitting the cropped images with a two-dimensional Gaussian profile, with a fixed position, width, and orientation as determined by the observed optical density distribution. By varying the hold time in the trap between 0 and 2.50 s with an rf knife at a fixed frequency of ν f = 8.30 MHz (T ∼ 4 µK), we observe rapid non-exponential loss of atoms due to three-body recombination. The experiment is repeated 38 times for each of 40 different hold times (1520 images in total). In Fig. 4(a) we show the mean number of atoms in the trap N measured as a function of hold time t. The measured atom number ranges from 170 atoms for t = 23 ms down to 12 atoms for t = 2500 s. To the data we fit a simple model which describes loss of atoms including three-body decay and one-body (background collisional) loss.
where N (0) is the initial number of atoms in the trap, τ is the one body decay time constant, and γ is the three-body decay rate proportional to the mean squared density in the trap. From the fit we find N (0) = 210 ± 4, γ = 9.7 ± 0.7 s −1 and τ = 1.6 ± 0.2 s. For short hold times, the loss is strongly density dependent, with a three-body loss rate 15 times larger than the one-body loss rate.
In addition to the average number of atoms in the trap we also determine the atom number fluctuations. Shown in Figure 4(b) , are the relative fluctuations ∆N/ N as a function of the mean atom number. We find that the relative fluctuations grow rapidly with decreasing atom number. Shown in Fig. 4 are the expected fluctuations due to poissonian noise (atom shot noise) which has a 1/ √ N dependence and a estimated detection noise, based on the residual pixel noise and the size of the atomic distribution (determined by the point-spread-function), which scales with 1/N (∆N =constant). We observe good agreement of the data with the combination of these two noise sources with no free parameters. For N > 50 atoms, atomic shot noise dominates the observed fluctuations, while below this number, detection noise plays a significant role. The estimated detection noise limit for these images (corresponding to a signal-to-noise ratio of 1) is 7 atoms/trap/shot.
In the future we plan to further improve our detection sensitivity to reach the single-atom regime, for example by increasing the numerical aperture of the imaging optics. Our analysis of trapped few-atom ensembles can also be extended over the full lattice through in-situ spatial correlation analysis.
Outlook
Our envisioned scheme for quantum information processing in this system involves writing hyperfine state coherence into individual traps, storing quantum information either in single atoms, or as collective hyperfine excitations in mesoscopic ensembles. 5, 6 As a first step we have observed Ramsey interference using microwave+rf two-photon coupling, driving the two-photon transition between the prospective qubit states, |0 = |F = 1, m F = −1 ↔ |1 = |F = 2, m F = 1 , see Fig. 5 . The fringe contrast of ∼80% is consistent with a ∼100 ms coherence time.
Interactions between qubits in different sites can be controlled using long-range interactions between Rydberg atoms. The key effect, the Rydberg dipole blockade has recently been demonstrated for distances up to 11 µm. 7, 8 Resonant dipole-dipole interaction has even been observed at distances of 40 µm. 9 In a next generation of atom chip we will aim for a lattice spacing of 5 µm, in order to facilitate the Rydberg blockade and still be able to optically resolve individual sites.
Conclusions
We have demonstrated a novel experimental systems allowing the preparation and study of hundreds of mesoscopic samples of ultracold atoms in a two-dimensional array of magnetic microtraps. The traps have been loaded, cooled, optically resolved and adddressed, and transported along the surface. This array has great potential as a novel platform for quantum information science and for studying fluctuations in mesoscopic systems.
